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Abstract.  We  have  previously  demonstrated  that  activation  of  murine  B  cells  by  dextran-conjugaic-d  anti-lgD  an¬ 
tibodies  may  serve  as  a  polyclonal,  in  vitro  model  system  for  studying  immune  responses  to  T  cell-independent  type 
2  (TI-2)  Ag,  as  exemplified  by  the  bacterial  polysaccharides.  Because  in  vivo  Ig  responses  to  TI-2  Ag  are  mediated 
primarily  by  B  cells  resident  in  the  splenic  marginal  zone,  we  wished  to  determine  whether  this  reflected  an  intrinsic 
difference  in  the  responsiveness  of  marginal  zone  B  cells  (MZB)  compared  with  follicular  B  cells  (FB)  to  this  class 
of  Ag.  In  this  report  we  demonstrate  that  highly  purified  MZB,  isolated  by  electronic  cell  sorting,  exhibit  a  lower 
proliferative  response  in  vitro  in  response  to  unconjugated  anti-lg  antibody  as  well  as  to  dextran-  or  Sepharose- 
conjugated  anti-IgM  or  anti-lgD  antibodies,  whereas  they  proliferate  equal  to  or  better  than  FB  when  stimulated 
by  other  B  cell  mitogens  including  LPS,  Salmonella  tvphimurium  mitogen,  or  an  anti-CD3-activaled  CD4  ‘  Th2  cell 
clone.  Despite  the  different  proliferative  responses  of  MZB  and  FB  induced  by  anti-lg,  Ag  receptor  cross-linkage 
stimulates  comparable  increases  in  intracellular  free  calcium  concentrations  in  both  of  these  B  cell  populations. 
Furthermore,  MZB  secrete  Ig  and  undergo  Ig  isotype  switching  to  a  comparable  degree,  relative  to  FB,  in  response 
to  both  T  cell-dependent  and  T  cell-independent  stimuli.  This  suggests  that  the  compartmentalization  of  TI-2 
responses  to  the  splenic  marginal  zone  rather  than  the  follicular  zone  reflects  something  other  than  the  intrinsic 
responsiveness  of  the  B  cells  from  these  two  sites.  Journal  of  Immunology,  1993,  150;  2737. 


he  marginal  zone  is  a  specialized  anatomic  site  in 
the  spleen  that  contains  a  B  cell  subpopulation  re¬ 
sponsible  for  generating  antibody  responses  to 
TI-23  Ag  (1-3).  By  contrast,  B  cells  resident  in  the  splenic 
follicle  (FB)  secrete  antibody  in  response  to  TD  Ag  (4).  TI-2 
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Ag,  as  exemplified  by  the  polysaccharides,  are  typically 
found  in  abundance  in  bacterial  cell  walls,  and  unlike  TD 
Ag,  such  as  soluble  proteins,  elicit  Ig  isotype  production 
that  is  skewed  toward  IgM  and  IgG3  (5).  Furthermore,  TI 
Ag,  in  contrast  to  TD  Ag,  are  generally  ineffective  at  stim¬ 
ulating  a  secondary  or  memory-type  immune  response 
(6-8).  ‘ 

The  TI-2  Ag-responsive  MZB  is  a  mature,  noncycling 
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1  Abbreviations  used  in  this  paper;  TI-2,  T  cell-independent  type  2;  Ti,  T  cell 
independent;  MZB,  marginal  zone  B  cell;  FB,  follicular  B  cell;  FcrRlt,  low 
affinity  Fc  receptor  for  IgE;  STM,  Salmonella  typhimurlum  mitogen;  a5-de*, 
dextran-conjugated  anti-lgD  antibody;  op-dex,  dextran-conjugated  anti-IgM 
antibody;  ii-t,  T  cell-independent  type  1  PE,  phycoerythrin;  mlg,  membrane 
Ig;  TD,  T  cell  dependent;  SN,  supernatant;  !Ca3*)i.  intracellular  free  Ca3* 
concentration;  PKC,  protein  kinase  C. 
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and  noncirculating  cell  (9,  10)  that  expresses  high  levels  of 
mlgM  and  loss  or  absent  mlgD  (11.  12).  By  contrast  the  FB 
is  a  recirculating  cell  that  expresses  intermediate  levels  of 
mlgM  ar.d  high  lev  els  of  mlgD  (II,  12).  Ev  idence  suggests 
that  these  two  B  cell  subpopulations  may  represent  distinct 
lineages  (2).  Recently,  WaiJschmtdi  et  al.  demonstrated 
that  MZB  and  FB  can  be  clearly  separated  on  the  basis  of 
their  differential  expression  of  the  intermediate  affinity  re¬ 
ceptor  for  Jg£  (FceRll)  (13).  Thus,  MZB  fas!  to  express 
detectable  FccRII  whereas  FB  are  FceRIl". 

Because  the  frequency  of  primary  Ag-specific  B  cells, 
even  to  potent  TI  Ag,  is  very  low,  a  detailed  analysis  of  the 
variables  influencing  their  responsiveness  would  be  diffi¬ 
cult  if  not  impossible.  We  therefore  developed  an  in  vitro 
polyclonal  model  system  for  studying  B  cell  activation  in 
response  to  Tt-2  Ag  (14,  15).  Anti-IgD  or  anti-IgM  anti¬ 
bodies  were  conjugated  to  a  high  molecular  de.xtran  in  order 
to  simulate  the  repeating  epitope  nature  of  polysaccharides. 
We  recently  demonstrated  that  small,  high  density  B  cells 
activated  by  crS-dex  proliferated,  but  failed  to  secret.  Ig 
unless  a  B  cell  maturation  factor,  such  as  IL-5,  was  also 
added  to  culture  (15).  By  contrast,  a5-dex  stimulated  large, 
low  density  B  cells  to  se  rrete  lg  in  the  absence  of  exogenous 
cytokines.  This  differential  responsiveness  of  small  and 
large  B  cells  to  induction  with  a6-dex  was  similar  to  that 
observed  for  in  vitro  hapien-specific  antibody  responses  to 
conjugates  of  hapten-Ficoll,  a  rrototypic  TI-2  Ag.  We  fur¬ 
ther  demonstrated  that  ad- dev  rivaled  B  cells  could  un¬ 
dergo  Ig  class  switching  to  most,  although  not  all,  Ig  iso¬ 
types.  in  the  presence  of  appropriate  switch  and 
differentiation  factors  (16,  17). 

Little  is  known  regarding  the  parameters  that  determine 
the  differential  response  patterns  of  .MZB  and  FB  to  im¬ 
munization  with  distinct  classes  of  Ag  in  vivo.  Thus,  it  is 
not  clear  w  hether  these  differences  primarily  reflect  intrin¬ 
sic  properties  of  these  two  B  cell  subpopulations  or  whether 
the  unique  microenvironments  in  which  they  localize 
and/or  selective  interactions  with  other  cell  types  account 
'"fui"  iltcii^di  stinoci  Cxpwtxi  i  iuiuj  to  wrtiwt  ier'WtrraluripH!" 
To  address  this  issue  we  obtained  highly  purified  popula¬ 
tions  of  MZB  and  FB  from  the  spleens  of  unimmunized 
mice  by  utilizing  an  electronic  cel!  sorter  to  isolate 
mIgMbrigh,FceRir  and  mIgMim'nT,'c!ia"Fc€RIP  B  cells,  re¬ 
spectively.  These  sorted  B  cell  subpopulations  were  then 
tested  for  their  relative  ability  to  proliferate,  secrete  Ig,  and 
undergo  Ig  isotype  switching  in  response  to  TI- 1  (bacterial 
LPS),  TI-2  (aS-dex  and  op-dex),  and  TD  modes  of  acti¬ 
vation. 

Materials  and  Methods 
Mice 

Female  DBA/2,  BALB/c,  and  C3H  mice  were  obtained 
from  the  National  Institutes  of  Health  Small  Animals  Di¬ 
vision  (Bethesda,  MD)  and  were  used  at  8  to  12  wk  of  age. 
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The  experiments  were  conducted  according  to  the  pr.,.  q 
pies  set  forth  in  the  Guide  for  ihe  Care  and  Use  of  Cab. 
oratory  Animals,  Institute  of  Animal  Resources,  National 
Research  Council,  Department  of  Health.  Education,  and 
Welfare  Publication  78-23.  National  Institutes  of  Heai’h 
Bethesda,  MD. 


Culture  medium 

RPM!  1640  (Biofuids,  Rockville,  MD)  supplemented  with 
I CFT  PCS  (G1BCO  Laboratories,  Grand  Island,  NY). 
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i-glutamme  (2  rnM),  2-ME  (0.05  rnNIy.  penicillin  (50  c<if 
ml),  and  streptomycin  150  pg/ml)  were  used  for  culiurinc 
cells. 


Reagents 

o5-de\  and  rtp-dex  were  prepared  by  conjugation  of  H5  ;i 
(monoclonal  mouse  IgG2b  (b  allotype),  anti -mouse  IgD  (a 
allotype)  (18).  and  B7.6  (monoclonal  rat  igG)  anti-mouse 
IgM)  (19)  to  a  high  m.w,  de.xtran  (2  X  10'’  m.w.)  as  pre¬ 
viously  described  (14).  Approximately  6  H63/l  and  B7.6 
antibodies  were  conjugated  to  each  dextran  molecule.  FFi  - 
4D5  (mouse  JgG2a  (b  allotype)  anti-mouse  IgD  (a  allotype) 

(20)  was  purified  from  ascites.  CnBr-activated  Sepharo-e 
was  purchased  from  Pharmacia  (Piscataway.  NJ).  Two  mil¬ 
ligrams  of  puritied  FFI  antibody  were  added/milliliter  of 
packed,  swollen  Sepharose  beads  according  to  instructions 
included  by  the  manufacturer.  LPS  W,  extracted  from  Es¬ 
cherichia  coli  011LB4,  was  obtained  from  Difco  Labora¬ 
tories  (Detroit,  MI).  Salmonella  nphimurium  mitogen 
(STM)  was  obtained  from  Ribi  Immunochemical  Research 
(Hamilton,  MT)  and  was  used  at  50  pg/ml.  The  following 
mAb  were  purified  from  ascites:  B3B4  (rat  IgG2a  anti- 
FceRII)  (21),  MKD6  (mouse  IgG2a  anti-Iad)  (22).  and 
2.4G2  (rat  IgG2b  anti-FcyRII)  (23).  Selected  antibodies 
were  conjugated  to  F1TC  (Calbiochem-Behring.  San  Di¬ 
ego,  CA),  iV-hydroxysuccinimidobiotin  (Sigma,  St.  Louis. 

MO),  and  Texas  Red  (Research  Organics,  Cleveland,  OH) 
by  standatf3_prbtocoTsL'  PE-labe!ed  afrinity-punTed  'goat  "  rjL'-'  r 
anti-mouse  IgM  antibody  was  purchased  from  Southern. 
Biotechnology  Associates  (Birmingham.  AL).  Avidin-PE 
(Phycoprobe)  and  avidin-allophycocyanin  were  obtained 
from  Biomeda  (Foster  City.  CA).  Purified  murine  rIL-4  w  as 
produced  in  E.  coli  and  was  a  gift  from  Dr  Alan  D.  Levine 
(Monsanto  Company.  St.  Louis,  MO).  Murine  rlL-5  was 
produced  in  the  baculovirus  system  and  was  a  gift  from  Dr. 
Gregory  Harriman.  (National  Institutes  of  Health,  Be¬ 
thesda,  MD).  Murine  rIFN-y.  prepared  from  Chinese  ham¬ 
ster  ovary  cells,  was  a  gift  of  Genentech  (South  San  Fran¬ 
cisco,  CA).  Percoll  was  obtained  from  Pharmacia. 

Preparation  and  culture  of  B  cells 

Enriched  populations  of  B  cells  were  obtained  from  spleen 
cells  from  which  T  cells  were  eliminated  by  treatment  w  ith 
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^monoclonal  rat  IgM  anti-Thy-l(H0l3-4),  rat  lgG2b  anti- 
C  CD4  (GK1-5),  and  rat  IgG2b  anti-CD8  (2.43).  followed  by 
"‘mouse  anti-rat  IgK  (MAR  18.5)  and  C  by  the  method  of 
Leibson  et  al.  (24).  Small  B  cells  were  obtained  by  the 
modified  (25)  discontinuous  Percoll  gradient  centrifugation 
procedure  of  DeFranco  et  al.  (26).  Cells  that  formed  a  band 
between  60  and  70%  Percoil  and  had  a  density  of  1.0S0  to 
1  0S6  g/ml  were  used  in  all  experiments.  Functional  assays 
were  carried  out  in  96-well,  flat  bottom  Costar  plates  (Cos¬ 
tar  Cambridge,  MA).  Cultured  cells  were  incubated  at 
37°C  in  a  humidified  atmosphere  containing  6%  CCL.  Un¬ 
less  otherwise  indicated,  cells  were  cultured  at  a  density  of 
1  25  X  105  cells/ml.  All  experiments  are  representative  of 
at  least  two  to  three  similar  studies. 


*.  o^r'.'uo.'C, metric  analysis  and  ceii  sorting 

:  .  B  cells  were  stained  for  30  min  with  various  combinations 
of  sterile  filtered,  fluorescence-labeled  immunoreagents 
..  (final  concentration  of  10  pg/mlin  the  presence  of  a  fivefold 

i  fi  excess  of  anti-FcyRII  mAb  to  prevent  cytophilic  antibody 
jV-V  binding)  at  107  cells/ml  in  cold  clear  HBSS  containing  3% 
FCS.  Cells  were  then  washed  and  resuspended  in  staining 
buffer  at  107  cells/ml  in  preparation  for  fluorescence  anal- 
0,  ysis  and/or  cell  sorting.  Ceil  sorting  generally  was  carried 
out  over  a  5-h  period.  Sorted  cells  were  cultured  immedi¬ 
ately  after  this  sorting  period  and  were  >95%  viable  at  this 
time.  Control  studies  in  which  stained,  but  nonsoned,  cells 
were  used  were  shown  to  behave  similarly  to  nonstained, 
nonsorted  cells  upon  activation  with  a8-dex  or  LPS  (data 
not  shown).  For  analysis,  15,000  cells  were  collected  using 
logarithmic  amplification  on  a  Becton  Dickinson  FACStar 
Plus  (Mountain  View,  CA).  Only  viable  cells  were  ana¬ 
lyzed,  and  any  residual  macrophages  were  eliminated  from 
analysis  on  the  basis  of  characteristic  forward  and  side  scat¬ 
ter  profiles.  Cell  sorting  was  similarly  carried  out  on  a  FAC- 
Star  Plus,  as  welt  as  on  a  Coulter  Epics  Elite  (Miami,  FL), 
and  sorted  cells  were  immediately  reanalyzed  to  confirm 
their  staining  profile.  Only  sorting  purities  of  >95%  were 
considered  acceptable  for  subsequent  study. 


Preparation  of  T  cell-derived  SN  and  induction  of  T 
cell-mediated  B  cell  activation 

The  murine  CD4*  T  cell  clone,  D10.G4.1  (D10), 
(conalbumin-specific,  lak-restricted)  was  considered  a  Th2 
clone  based  on  its  secretion,  after  stimulation,  of  1L-4  and 
IL-5,  but  not  IL-2  or  IFN-y,  and  was  maintained  as  de¬ 
scribed  (27).  Cytokine-rich  SN  from  D10  T  cells  was  ob¬ 
tained  as  follows:  resting  D10  T  cells  (1  X  105/m!)  were 
stimulated  by  adding  irradiated  (3000  r)  spleen  cells  (5  X 
iOVml)  from  C3H  mice  (Iak-bearing)  acting  as  antigen- 
presenting  cells  in  the  presence  of  100  pg/ml  of  conalbumin 
(Sigma).  Cellfree  SN  was  harvested  24  h  later,  aliquoted 
and  stored  at  ~80°C  until  used.  This  T  cell  SN  had,  on 
average,  95  U/ml  of  IL-5  and  365  U/ml  of  1L-4.  For  Ag- 
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independent,  MHC-unrestricted,  T  cell-mediated  stimula¬ 
tion  of  B  cells  (28,  29).  96-well  culture  plates  were  first 
coated  with  anti-CD3  antibody  (2C11)  (30)  by  incubation 
of  50  pg/ml  of  2C1 1  in  PBS  at  room  temperature  for  4  h- 
Plates  were  subsequently  washed  three  times  with  PBS. 
Resting  D10  T  cells  (3  x  lO4  cells/ml)  were  then  co¬ 
cultured  with  either  sort-purified  MZB  or  FB  cells  ( 1  X  10* 
celis/ml)  in  the  anti-CD3-coated  microtiter  wells  for  in¬ 
duction  of  B  cell  proliferation  or  Ig  isoty  pe  production  DlO 
T  cells  were  first  irradiated  with  3000  r  to  prevent  them 
from  proliferating,  without  inhibiting  their  ability  to  be¬ 
come  activated  or  secrete  cytokines. 

Measurement  of  DNA  synthesis 

DNA  synthesis  was  determined  by  pHJTdR  uptake  (2  pCi/ 
well;  6.7  Ci/nmol;  1  mCi  =  37  GBq:  1CN.  Irvine,  LA)  over 
a  16-h  period.  Cells  were  harvested  onto  glass  filter  paper 
and  [?H]TdR  incorporation  was  determined  by  liquid  scin¬ 
tillation  spectrometry. 

Quantitation  of  secreted  Ig  isotypes 

Ig  isotype  concentrations  were  measured  by  F.LISA,  v  ith 
Immulon  2. 96-well,  flat  bottomed  ELISA  plates  (Dynatech 
Laboratories,  Alexandria,  VA),  which  has  been  described 
by  us  in  detail  elsewhere  (3 1 ).  Briefly,  a  fluorescent  product 
was  generated  from  cleavage  of  4-methylumbiliiferyl  phos¬ 
phate  (Sigma)  by  specifically-bound  alkaline  phosphatase- 
conjugated  antibodies.  Fluorescence  was  measured  on  a  3 
M  FluoroFAST  96  fluorometer  (Becton  Dickinson.  Moun¬ 
tain  View,  CA)  and  fluorescence  units  w  ere  converted  to  Ig 
concentrations  by  extrapolation  from  standard  curses  de¬ 
termined  in  each  assay  by  using  purified  myeloma  proteins 
of  known  concentrations.  Each  assay  system  showed  no 
significant  cross-reactivity  or  interference  from  the  pres¬ 
ence  of  other  isotypes  (IgM,  lgD.  IgG3.  IgGl.  lgG2b. 
IgG2a,  IgE,  and  IgA)  found  in  the  culture  supernatants. 

Determination  of  intracellular  Ca2~  concentrations 

”^Our  procedure  for  ^measurement  of  ICa2"1),  in’ single*" 
cells  has  been  described  in  detail  elsewhere  (32).  Briefly, 
cells  were  loaded  with  1.5  pM  indo-1  in  HBSS  containing 
1%  FCS.  The  cells  were  warmed  to  37°C  and  analyzed  at 
200  cells/s  on  a  dual  laser  flow  cytometer  (Ortho  C>to- 
fluorograph,  Westwood,  MA)  after  addition  of  appropriate 
mAb.  Data  were  analyzed  using  commercially  available 
software  (Phoenix  Flow  Systems,  San  Diego,  CA).  The 
technique  is  capable  of  detecting  a  calcium  response  in  as 
few  as  0.3%  of  the  cells  analyzed. 

Results 

Isolation  of  marginal  zone  and  follicular  splenic  B 
ceils  by  electronic  cel!  sorting 

MZB  and  FB  can  be  distinguished  on  the  basis  of 
their  characteristic  cell-surface  phenotypes  (13).  MZB 
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FIGURE  1.  Cell  surface  phenotypes  and  sorting  of  mZB 
and  FB.  8  cells  were  stained  with  FITC-anti-FctRII  !B384). 
PE-polyclonal  goat  anti-IgM,  and  TR -anti-la'1  (MKD6'.  Mac¬ 
rophages  were  eliminated  by  forward  and  side  scatter  gating 
Only  lad*  cells  (8  cells)  are  displayed.  Upper  panels:  pre-sort 
analysis-MZB  are  mlgMh''*h,Fc<RII".  F8  are 
FceRII*(boxed  populations).  MZB  (FctRlI")  are  also 
mlgOdull/'  and  FB  (FccRIT)  are  mlgDb',sh!.  mlgM  staining  of 
MZB  was  -4-fold  higher  than  that  for  FB.  Cells  within  the 
indicated  boxes  were  isolated  by  sorting.  Sorted  cells  were 
analyzed  immediately  after  sorting  ( lower  panel )  and  only 
purities  >95%  were  acceptable  for  further  study 


are  mIgMbngh,rnIgDdu?l/~FceRir  w  hereas  FB  _are  mlgM 
intermediate j^igQbright  FceRH*  "(Fig-’  U'MZB  C0mp~riscd‘ 

~4%  of  the  splenic  B  cells  from  either  DBA/2  or  BALB/c 
mice.  For  all  experiments  reported  herein  highly  purified 
(>95%)  MZB  and  FB  were  obtained  by  staining  cells  with 
FITC-anti-FceRlI  +  PE-anti-IgM  and  then  isolating  them 
by  electronic  cell  sorting. 

MZB  exhibit  a  lower  proliferative  rate  than  FB  in 
response  to  activation  by  a5-dex  or  ap-dex 

We  determined  that  10  ng/ml  of  a5-dex  induced  maximal 
proliferation  of  T-depleted  spleen  cells,  as  assessed  by  (’HJ- 
TdR  incorporation  (data  not  shown).  To  assess  the  prolif¬ 
erative  rate  of  MZB  and  FB  we  stimulated  them  with  10 
ng/ml  of  a5-dex  (TI-2-like  stimulus)  and  compared  their 
incorporation  of  (’HJTdR  with  that  obtained  after  activa¬ 
tion  with  LPS  (TI- J  -like  stimulus).  Incorporation  of  [3HJ- 
TdR  upon  culture  with  medium  alone  was  negligible  for 
both  MZB  and  FB  (Table  I).  MZB  showed  an  8. 1  -fold  lower 


uptake  of  ( ‘HJTdR  than  FB  in  response  to  n5-dcx  w  hereas 
they  incorporated  5.? -fold  higher  amounts  of  j  'HJTdR  than 
FB  in  response  to  l.PS  The  lower  proliferative  rate  r<  • 
habited  b>  MZB  relative  to  1  B  was  not  caused  by  the  dose 
of  <x8-dex  used  because  lower  uptake  of  {’HJTdR  by  MZB 
(3.4-  to  16-fold)  was  observed  upon  activation  with  I.  K), 
or  100  ng/ml  of  ao-dex  (Fig.  2i  The  addition  of  an  11,-4 
4-  IL-5-containing  T  cell  SN  to  n8-dex-activ  ated  MZB  and 
FB  enhanced  (’HJTdR  uptake  b>  both  populations  of  cells. 
However.  mVdex-acnvated  MZB  still  exhibited  a  lower 
incorporation  of  (’’HJTdR  than  aS-dex-stimulated  F3 
(Fig.  2). 

The  differences  in  ['HJTdR  incorporation  between  MZB 
and  FB  upon  induction  w  ith  ap-dex  (0.1  to  100  ng/ml)  were 
even  more  marked  than  that  observed  after  «5-dcx  acti¬ 
vation  (Fig.  3).  ap-dc.x-activated  MZB  incorporated  5  7-  to 
124-fold  lower  amounts  of  (’HJTdR  than  FB  depending 
upon  the  dose  of  op-dex  used.  The  addition  of  1000  U/m! 
of  IL-4  variably  enhanced  (’FfJTdR  uptake  by  MZB  (0.0- 
and  5. 1 -fold)  and  FB  (3.9-  and  4.0-fo!d)  activated  by  10  ot 
100  ng/ml  of  ap-dex.  but  the  marked  differences  between 
the  two  populations  were  still  apparent  (22-  and  7.3-fold) 
(Fig.  4).  Visual  inspection  of  MZB  cultures  clearly  showed 
an  early  phase  of  cellular  enlargement  by  a  large  proportion 
-  -of  cells  4n  response  to -ap-dex.  which  was_failowed  a.  day. 
or  two  later  by  a  widespread  loss  of  cell  viability.  3$  de¬ 
termined  by  trypan  blue  exclusion  (data  not  shown).  Al¬ 
though  further  analyses  are  required,  this  suggests  that 
MZB  are  competent  to  enter  the  cel!  cycle  in  response  to 
ap-dex  but  fail  to  progress  through  S  phase,  as  evidenced 
by  a  low  level  of  [’HJTdR  uptake.  Whether  or  not  ap-dex- 
activated  B  cells  undergo  apoptosis  remains  to  be  deter¬ 
mined. 

To  determine  whether  this  diminished  proliferative  re¬ 
sponse  to  a8-  and  ap-dex  reflected  a  general  inability  to 
respond  to  any  mode  of  mlg-mediated  B  cell  activation,  we 
evaluated  their  responses  to  unconjugated  and  Sepharose- 
bound  anti-IgD  or  anti-IgM.  We  further  wished  to  compare 
the  proliferative  responses  of  MZB  and  FB  upon  stimula¬ 
tion  with  a  second  TI-1  like  stimulus,  STM.  and  after  ac¬ 
tivation  with  an  anti-CD3-activated  Th2  clone  (TD-like 
stimulus).  Incorporation  of  [’HJTdR  by  MZB  was  also 
lower  than  FB  upon  activation  with  unconjugatcd  anti-IgM 
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FIGURE  2.  MZB  and  F8  proliferative  response  to  varying 
riv  -r>  of  aS-dex  in  the  presence  or  absence  of  Th2  $N.  Sorted 
MZB  and  FB  were  stimulated  with  aS-dex  (1 .0.  10.  and  100 
ng/m!)  in  the  presence  or  absence  ot  Th2  (01 0)  5N  (final 
concentration  25%  v/v)  or  LPS  (20  pg/ml).  ('HlTdR  was 
added  after  48  h  and  [SH jTdR  uptake  was  measured  16  h 
later. 


FIGURE  3.  MZB  and  FB  proliferative  response  to  varying 
doses  of  ap-dex,  Sorted  MZB  and  FB  were  stimulated  with 
varying  doses  of  ap-dex  as  indicated.  (’HlTdR  was  added  48 
h  after  initiation  of  culture  and  |’H|TdR  uptake  was  measured 
16  h  later.  pHjTdR  uptake  by  LPS-activated  MZB  was 
136,000  cpm  and  LPS-activated  FB  was  72,300  cpm. 

1 6.  -fold),  unconjugated  anti-IgD  (2.9-fold),  or  anti-IgD- 
Sepharose  (8.3-fold)  (Table  II).  By  contrast,  MZB  and  FB 
showed  comparable  levels  of  [?H]TdR  uptake  in  response 
to  STM  or  ami-CD3-activated  Th2  cells. 

The  lower  proliferative  responses  of  MZB  relative  to 
Fb  upon  Ag-receptor  cross-linkage  is  not  associated 
with  differences  in  stimulation  of  increased 
in'-acellular  Ca3  +  concentrations 

To  assess  the  functional  status  of  the  Ag  receptor  on  MZB 
and  FB  we  measured  the  uptake  of  Ca3+  into  the  cell 
[Ca2*];  immediately  upon  stimulation  with  varying  con¬ 
centrations  (0.3  to  10  pg/ml)  of  unconjugated  anti-IgM. 
Both  the  mean  [Ca3*];  and  the  percentage  of  responding 
cells  observed  upon  activation  with  anti-IgM  were  roughly 
comparable  for  MZB  and  FB  (Fig.  5).  This  indicated  that 
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FIGURE  4.  MZB  and  FB  proliferative  response  to  ap-dex  ~ 
11-4.  Sorted  MZB  and  FB  were  stimulated  with  10  or  100 
ng/ml  of  ap-dex  in  the  presence  or  absence  o'  '000  U/ml  of 
U.-4.  pHjTciR  was  added  48  h  after  initiation  of  culture  ..ml 
I’HjTdR  uptake  was  measured  16  h  later 


Table  II 

MZB  proliferate  poorly  in  response  to  uncve^M-d  and 
Sephjrose-bound  .inti-lg'' 


tCpn? 

MZB 

FB 

CotcM 

1 3,000 

es.no 

CoIrD 

27.500 

80.500 

FFI-Seph 

3.390 

28.000 

STM 

196.000 

148,800 

oCD3-T  cell 

25.339 

20,563 

J  Sorted  MZB  and  F8  i5  x  10'"rnli  were  cultured  m  Ihe  p-ewnce  o t  50 
p£'ml  of  polydonj!  pool  anti-moufe  IgM  or  IgD  iGalgM  or  ColgO'  MZ9  and 
F8  11.35  x  10Vml!  were  further  stimulated  with  1 s/v  Sepharose  ami-lgO 
(Ff  1  -Sephi.  STM  !30  yic'mls.  or  jffli-CDJ-aci  vjted  010  T  cells  t0.4  x  tOVmli 
I'HiTdR  was  added  alter  -18  h  and  l'H|TdR  uplaTe  vsas  measured  lb  h  late' 

the  differences  in  anti-Ig-induced  proliferaticn  must  reflect 
differences  in  the  anivational  pathway  distal  to  this  point. 

MZB  and  FB  secrete  Ig  and  undergo  Ig  class 
switching  to  a  comparable  degree  in  response  to  Tl- 
and  TD-like  stimuli 

Our  finding  that  MZB  show  impaired  mlg-dependent  B  cell 
proliferation  was  in  apparent  contrast  to  the  reports  dem¬ 
onstrating  that  the  MZB  are  the  predominant  responding 
cells  in  a  TI-2  antibody  response  (1-3).  To  evaluate  the  in 
vitro  ability  of  these  cells  to  secrete  Ig  and  undergo  Ig  class 
switching  in  response  to  mlg  cross-linking  we  stimulated 
MZB  and  FB  with  a5-dex  +  IL-5  in  the  presence  or  ab¬ 
sence  of  IL-4.  MZB  secreted  1.4-  to  2.7-fold  greater 
amounts  of  IgM  than  FB  although  viable  cell  yields  of  MZB 
were  1.3-  to  2.0-fold  lower  than  that  for  FB  (Table  111). 
MZB  and  FB  secreted  comparable  amounts  of  IgG  I  upon 
addition  of  IL-4  to  aS-dex  +  IL-5-activated  cells  (MZB  = 
2750  ng/ml  of  IgG  1  (day  5  viable  cells  =  2.0  X  lOVml); 
FB  —  3000  ng/ml  of  IgG!  (day  5  viable  cells  =  3.0  X 
I0Vm!)).  MZB  viable  cell  yields  (0.60  X  lOVml)  on  day 
4  were  7.2-fold  lower  than  FB  (4.3  X  lOVml)  in  response 
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responses  of  MARGINAL  ZONE  AND  follicular  b  cells 


GaM/i-induced  [Co2  +  ],  responses 


FccRII  B  Cells  FceRII+  B  Cells 


Time  (minutes) 

FIGURE  5.  Calcium  response  of  MZB  and  FB  to  anti-IgM. 
Sorted  MZB  (FceRII")  and  FB  (FceRII*)  were  loaded  with 
indo-1  and  stimulated  with  polyclonal  goat  anti-mouse  IgM 
(0.3  to  10  p&W). 


Table  III 

Time  course  of  IgM  secretion  by  MZB  and  FB  in  response  to 
a6  -dex  +  !t-5‘ 


IgM  Secretion  (ng/ml] 

Viable  Cells  (xlOVmt) 

Day 

Day 

Day 

Day 

Day  Day 

Day  Day 

2 

3 

4 

3 

2  3 

4  5 

MZB 

34 

160 

575 

800 

1.3  2.1 

3.0  0.5 

EB 

25 

60 

220 

450 

2.2  3.5 

4.0  1.0 

•'Sorted  MZB  and  FB  were  cultured  with  a£-dex  {3  ng/mli  4-  It- 5  <  1 50 
U/cnl).  Culture  SN  was  removed  from  separate  wells  on  the  days  indicated  for 
determination  of  IgM  concentrations  by  ELISA  and  viable  cell  numbers  by 
trypan  blue  exclusion. 

to  ap-dex  alone,  confirming  that  MZB  and  FB  were  ade¬ 
quately  sorted.  In  additional  experiments  it  was  observed 
that  neither  MZB  nor  FB  secreted  detectable  Ig  when  cul¬ 
tured  in  medium  or  IL-5  alone  (data  not  shown). 

We  further  evaluated  the  ability  of  MZB  and  FB  to  se¬ 
crete  Ig  and  undergo  Ig  isotype  switching  in  response  to  a 
TI-1  (LPS)  and  TD-type  stimulus.  LPS  stimulated  compa¬ 
rable  amounts  of  IgM  and  IgG3  (33)  by  MZB  and  FB  after 
5  days  in  culture,  although  MZB  secreted  22-  and  4. 1-fold 
more  IgM  than  FB  after  2  and  3  days  of  LPS  stimulation, 
respectively  (Table  IV).  The  IgM  response  of  MZB  2  and 
3  days  after  LPS  stimulation  represented  only  1 .2  and  6.7% 
of  the  response  observed  after  5  days  of  LPS  acti  vation.  The 
kinetics  of  the  LPS-induced  IgG3  response  were  compa¬ 
rable  for  MZB  and  FB. 


Table  IV 

Time  course  of  IgM  and  igC3  secretion  by  Si/S  and  f8  in 
response  to  LPS4 


IgM  Sec reii- 

on  frsg.-'mi) 

Day  2 

Day  3 

Day  4 

Day  5 

MZB 

225 

1,300 

8,125 

15,375 

FB 

10 

320 

7,500 

15,000 

lgC3  Secret 

ion  ing/m.ii 

MZ8 

<2.4 

3.6 

120 

600 

F3 

<2.4 

<2,4 

64 

240 

*  Sorted  m29  and  F'*  vs  ere  cultured  in  the  presence  of  IPS.  Culwfe  $n  wa* 
removed  from  separate  w ells  on  the  days  indicated  to?  determination  c i  IgM 
and  lgG3  concentrations  by  ELIS  A 


Addition  of  1L-4  to  LPS-stimulated  MZB  and  FB  led  to 
comparable  inductions  of  lgG  1  (34)  and  IgE  (35)  secretion 
6  days  after  initiation  of  culture  (Table  V).  Likewise  IL-4 
inhibited  LPS-induced  IgM  and  lgG3  production  (36)  by 
MZB  and  FB  to  a  similar  extent  (Table  V).  Similarly.  LPS- 
activated  MZB  and  FB  secreted  comparable  amounts  of 
IgG2a  in  response  to  IFN-y  (37)  (Table  VI). 

Because  FB  have  been  specifically  implicated  in  TD  re¬ 
sponses  we  wished  to  test  whether  MZB  and  FB  differed 
in  their  Ig  isotype  responses  to  activation  with  an  anti-CD3- 
acti vated  Th2  clone.  D 1 0.G4. 1  (D 1 0).  D 1  Q-activated  MZB 
secreted  6.7-fold  more  IgM  and  comparable  amounts  of 
IgGl  relative  to  similarly  activated  FB  (Table  VII),  indi¬ 
cating  that  both  populations  could  secrete  Ig  and  undergo 
Ig  class  switching  in  response  to  T  cell  activation. 

Discussion 

The  requirements  for  induction  of  TI  and  TD  responses  are 
different.  Thus,  responses  to  TI,  but  not  TD.  Ag  can  be 
elicited  in  the  absence  of  T cell  help  (38, 39)  but  only  poorly 
in  neonatal  mice  (40)  or  in  adult  mice  that  have  been  sple- 
nectomized  (41,  42).  Recent  investigations  have  demon¬ 
strated  that  these  differences  in  activation  requirements  for 
TI  and  TD  Ag  may  reflect  the  fact  that  different  subsets  of 
B  cells  respond  to  these  Ag.  B  cells  that  localize  to  the 
splenic  marginal  zone  have  been  reported  to  be  the  pre¬ 
dominant  population  responding  to  TI-2  Ag  ( 1-3).  whereas 
B  cells  that  localize  to  the  follicular  zone  are  the  cells  re¬ 
sponsive  to  TD  Ag  (4).  The  studies  that  have  been  reported 
could  not  discriminate  whether  the  differences  in  responses 
of  these  populations  reflected  intrinsic  differences  in  the 
responsiveness  of  the  B  cells  themselves  or  whether  they 
reflected  the  activity  of  different  interacting  cells  in  these 
compartments.  We  therefore  undertook  these  studies  to  in¬ 
vestigate  this  point. 

The  difference  in  proliferation  between  MZB  and  FB 
upon  Ag-receptor  cross-linkage  was  observed  using  a  num¬ 
ber  of  distinct  modes  of  Ag-receptor  ligation  including 
dextran-conjugated  anti-Ig,  Sepharose-linked  anti-lg.  and 
high  doses  of  unconjugated  ami-Ig.  Thus,  this  difference 
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isotvpe  production  by  MZB  and  F8  stimulated  with  LPS  or 
IPS  +  IL-4‘ 


Ig  Secretion  (ng/mli 

IgM  lgG3  IgGI 


MZB 

FB 

MZB 

FB 

MZB 

FB 

LPS 

58,750 

18,750 

700 

600 

190 

<12 

LPS+ll-4 

3,375 

500 

90 

24 

3,750 

1,200 

lgG2b 

lgG2 

a 

Igt 

MZB 

FB  MZB 

FB 

MZB 

F3 

LPS 

875 

215  7 

50 

230 

<6 

<6 

LPS+ll-4 

40 

<24 

35 

<24 

1,440 

1.500 

Sorted  MZB  and  FB  were  culturtd 

!  in  the 

presence 

■of  LPS  (20 

pS'm!)  with 

c-  ■  ;r-out  10.000  U/ml  of  11-4.  Culture  SN  was  removed  after  6  days  ior 
dev-mination  of  Ig  isotype  concentrations  by  ELISA. 


Table  VI 

Ig  isotype  production  by  MZB  and  FB  stimulated  with  LPS 
or  LPS  +  IF\'-y* 


Ig  Secretion  (ng'rrli 

IgM 

lgC2o 

IgC  2  a 

MZB 

FB 

MZB 

F8 

MZB  ,‘B 

LPS  206,000 

100,000 

775 

525 

310  410 

LPS+lFN-v  103,125 

93,750 

215 

105 

t  ,250  2,050 

‘  Sorted  MZB  and  F6  were  stimulated  with  LPS  (20  pg'ml)  with  or  w  ithout 
10  U/ml  of  IFN-y.  Culture  SN  were  removed  6  days  later  for  measurement  of 
Ig  isotype  concentrations  by  ELISA. 


Table  VII 

IgM  and  IgC  production  by  MZB  and  FB  stimulated  with  an 
anti-CD3-activated  Th2  clone* 


Ig  Secretion  (ng'mi) 

IgM 

IgGI 

MZB 

FB 

MZB 

FB 

Med 

56 

<10 

<1.2 

<1.2 

oCD3-Th2 

6,000 

900 

2,400 

1,350 

‘  Sorted  MZB  and  F8  (1 .23  x  10'Vml)  were  stimulated  by  010  Th2  cells  (0.4 
x  lOVml)  in  the  presence  of  plate-bound  anti-CD3  antibody.  Culture  SN  was 
removed  6  days  later  for  measurement  of  IgM  and  IgGI  concentrations  by 

elisa. 


did  not  depend  upon  whether  or  not  the  anti-Ig  stimulus  was 
TI-2-like  (i.e.,  aS-dex  or  ap-dex).  Similarly,  the  s farting 
cell  density  did  not  appear  to  influence  the  differential  pro¬ 
liferative  response  of  MZB  and  FB  because  cells  stimulated 
with  unconjugated  anti-Ig  were  plated  at  high  density 
whereas  cells  stimulated  with  dextran-  or  Sepharose-anti-lg 
w/re  cultured  at  a  relatively  low  cell  density.  Although 
MZB  and  FB  express  different  levels  of  mlgM  and  mlgD, 
the  differences  in  anti-Ig-induced  proliferation  could  not  be 
accounted  for  simply  on  this  basis  because  similar  differ¬ 
ences  in  proliferation  were  seen  over  a  wide  range  of  anti-Ig 
concentrations.  The  impaired  proliferative  response  of 
MZB  to  anti-IgM  antibody  does  not  reflect  absent  Ig- 


mediated  signal  transduction  because  anti-lgM  stimulated 
comparable  elevations  in  (Ca-  '),  in  both  MZB  and  FB.  The 
impaired  rnlg-mediated  proliferative  response  was  most  ap¬ 
parent  when  anti-lgM  was  used  as  the  stimulus.  Although 
proliferative  responses  of  MZB  to  anti-IgD  were  clearly 
inferior  to  that  of  FB  cells,  they  were  nonetheless  higher 
than  anti-lgM-stimulated  responses. 

Although  the  mechanism  underlying  the  poor  prolifer¬ 
ative  response  of  MZB  to  Ag-receptor  cross-linkage  is  un¬ 
known.  the  MZB  response  is  reminiscent  of  that  observed 
upon  Ag-receptor  cross-linkage  of  immature  B  cells.  Thus, 
anti-lg  cross-linkage  of  either  neonatal  B  cells  or  WEHl 
231.  a  lymphoma  with  an  immature  phenotype,  fails  to 
stimulate  proliferation,  but  instead  induces  apoptosis 
and/or  tolerization  (43-46).  This  is  associated  with  an  ap¬ 
parently  normal  calcium  response,  as  we  have  ob$er\  ed  for 
MZB,  but  a  failure  to  activate  PKC  and  the  PKC-ltnkcd 
genes  egr-1  and  c-fos.  Cross-linkage  of  mlgD  on  WEHl 
231,  which  was  induced  to  express  mlgD  through  fgD  gene 
transfection,  did  not  result  in  the  delivery  of  a  negative 
signal  in  contrast  to  that  observed  for  mlgM  (47).  Whether 
this  relates  to  the  more  profound  differences  in  proliferation 
between  MZB  and  FB  when  stimulated  by  ap-dex,  as 
opposed  to  a5-dex.  is  of  interest.  Although  MZB.  like  im¬ 
mature  B  cells,  express  an  mI§Mbr'sh'm!eDl,!'“'~FceRir 
phenotype,  the  MZB  has  been  shown  to  be  a  mature, 
noncycling  cell  (10). 

The  relative  inability  of  MZB  to  proliferate  in  response 
to  mlg  cross-linking  stimuli  is  not  surprising  because  it  is 
known  that  polysaccharide  Ag  stimulate  poor,  if  any.  an¬ 
amnestic  (memory)  responses  (6-8).  which  depend  heavily 
on  clonal  expansion  of  Ag-specific  B  cells.  Furthermore,  in 
TD  responses  Ag-mediated  selection  of  high  avidity  B  cells 
with  resultant  proliferation  and  expansion  of  this  popula¬ 
tion  leads,  over  time  after  immunization,  to  increasing  avid¬ 
ity  of  Ag-specific  antibodies  (4);  this  response  is  not  seen 
in  response  to  TI  Ag  perhaps  in  part  because  of  the  relative 
inability  of  these  Ag  to  induce  clonal  expansion.  Thus,  the 
antibody  response  to  TI  /  z  primarily  reflects  their  ability 
to  rapidly  stimulate  B  cells  to  secrete  Ig  in  the  face  of 
limited  B  cell  proliferation  and  in  the  context  of  limiting 
ancillary  help. 

In  contrast  to  TD  Ag,  TI-2  Ag  stimulate  the  production 
of  IgM  and  IgG3  (5).  This  is  observed  despite  the  recent 
observation  that  TI-2  Ag  rapidly  localize  in  the  splenic  fol¬ 
licle  upon  their  injection  (48)  and  thus  presumably  are 
available  to  interact  with  FB.  The  basis  for  this  functional 
dichotomy  is  unknow  n.  Our  observations  that  Ig  secretion 
and  Ig  isotype  switching  induced  by  cytokines  in  combi¬ 
nation  with  either  a5-dex,  LPS.  or  T  cell  activation  were 
relatively  comparable  for  MZB  and  FB  suggests  that  the 
intrinsic  properties  of  MZB  and  FB  do  not  explain  their 
differential  response  patterns  in  vivo.  The  data  in  this  manu¬ 
script  demonstrate  that  differences  in  immune  responses  of 
MZB  and  FB  more  likely  reflect  differences  in  their  his- 
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tologic  milieu,  which  plays  an  important  role  in  influencing 
8  cells  responses. 
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